1. Introduction {#sec1}
===============

Proteins are widely recognized as valuable therapeutic agents because of their high potency and target specificity. A large number of the currently approved therapeutic proteins is indicated for cancer therapy, one of the leading causes of death worldwide, as classic low molecular weight chemotherapeutic drugs result in substantial off-target toxicity.^[@ref1]^

In the search for new antineoplastic drugs, the ribosome-inactivating protein (RIP) saporin (from the plant *Saponaria officinalis*) has emerged as an agent of interest because of its potent cytotoxic effect, stability at high temperature, resistance to denaturation, and ease of chemical modification.^[@ref2],[@ref3]^ Several cytotoxic mechanisms have been described for saporin, including inhibition of protein synthesis, DNA-fragmentation, and induction of apoptosis via the intrinsic and extrinsic pathways.^[@ref4]−[@ref7]^ Saporin is a type I RIP, and unlike type II RIPs, it lacks the galactose-specific lectin that mediates cell binding and entrance. It has been reported that saporin can enter some cells via endocytosis mediated by the α~2~-macroglobulin receptor^[@ref8]^ or by receptor-independent mechanisms.^[@ref9]^ However, the mechanism of internalization of saporin is not yet completely clear, and alternatives have been developed in order to achieve enhanced, cell-specific uptake of this protein to increase its cytotoxicity. Particularly, saporin--antibody conjugates (immunotoxins) have been commonly used for this purpose.^[@ref10]−[@ref13]^ While immunotoxins have shown promising efficacy *in vitro* and *in vivo*, their use in clinical settings has been mostly limited by their immunogenicity and induction of vascular leak syndrome.^[@ref14],[@ref15]^ Furthermore, the preparation of immunotoxins often requires conjugation strategies to chemically link the toxin to the antibody.

The use of nanocarriers is another approach for the efficient intracellular delivery of saporin^[@ref16]−[@ref19]^ and other biotherapeutics with limited membrane permeability (proteins and nuclei acid based drugs).^[@ref20]−[@ref22]^ In particular, polymeric nanoparticles (NPs) have attracted increasing attention as nanocarriers over the past 20 years due to their ability to increase the physicochemical stability of their cargo and provide certain control over when, where, and how it is released, thus improving its pharmacokinetic and pharmacodynamic profiles.^[@ref23],[@ref24]^ In the present study, NPs made from PEGylated poly(lactic acid-*co*-glycolic acid-*co*-hydroxymethyl glycolic acid) (PLGHMGA) were used for the encapsulation and delivery of saporin. PLGHMGA is structurally related to poly(lactic-*co*-glycolic acid) (PLGA), though it contains pending hydroxyl groups that increase its hydrophilicity and shorten its degradation time.^[@ref25]^ Encapsulation of a peptide in PLGHMGA microparticles resulted in less chemical modifications (acylation) than in PLGA microparticles,^[@ref26],[@ref27]^ which points to an improved compatibility of PLGHMGA with biomolecules and suggests that PLGHMGA NPs could be a suitable nanocarrier for saporin.

The efficiency and selectivity of polymeric NPs as nanocarriers can be further increased by functionalization of their surface with targeting ligands that bind to cell surface receptors overexpressed in tumors.^[@ref28]−[@ref31]^ Nanobodies, also known as VHHs, are [v]{.ul}ariable domains of the [h]{.ul}eavy chain of [h]{.ul}eavy chain antibodies present in camelids,^[@ref32]^ and they are the smallest naturally occurring antigen binding fragments. The structure and small size of nanobodies (∼15 kDa) confers them advantages over conventional antibodies or fragments thereof, including an increased solubility and stability, less propensity for aggregation, easier production, and greater ability to reach and neutralize targets that are not easily accessible.^[@ref33],[@ref34]^ Furthermore, nanobodies display low immunogenicity because of their high sequence homology with the VH of human antibodies,^[@ref35]^ and if needed, additional homology can be easily obtained by humanization of specific residues without detrimental effects on their stability and affinity.^[@ref36]^ Importantly, nanobodies can selectively target a variety of receptors, including HER2 (Human Epidermal Growth Factor Receptor 2), which is overexpressed in several types of malignancies such as breast, gastric, lung, and ovarian cancers, and is associated with poor prognosis.^[@ref37],[@ref38]^ The nanobody 11A4 binds specifically to the HER2 receptor with high affinity and has shown promise for optical imaging of breast cancer *in vivo*([@ref39],[@ref40]) and for immunolabeling of HER2 for electron microscopy.^[@ref41]^ Nanobodies targeting the HER2 receptor, as well as other receptors such as the epidermal growth factor receptor (EGFR) and the hepatocyte growth factor receptor (HGFR), have been used in the field of drug delivery for the functionalization of liposomes,^[@ref42],[@ref43]^ polymeric micelles,^[@ref44],[@ref45]^ albumin nanoparticles,^[@ref46],[@ref47]^ and polymersomes,^[@ref48]^ resulting in selective and efficient receptor-mediated uptake of these systems. In the present work, the targeting properties of the nanobody 11A4 were explored to achieve enhanced and selective uptake of polymeric NPs by HER2 overexpressing breast cancer cells.

Upon ligand--receptor interaction, polymeric NPs are internalized by endocytosis and can therefore act as intracellular delivery systems. However, those NPs are then inside endocytic vesicles, which later fuse with lysosomes.^[@ref49]^ Thus, to prevent cargo molecules such as proteins from being degraded, strategies have been developed for endosomal escape of nanocarriers and/or their cargo. Release of the NPs from the endosome can be accomplished either by nanoparticle design (incorporation of elements for proton sponge effect, membrane disruption, or pore formation)^[@ref50]−[@ref52]^ or by means of external stimuli, such as photochemical internalization (PCI). This technique makes use of an amphiphilic photosensitizer (PS), which localizes in the cell membrane and, upon endocytosis of the NPs, becomes a part of the endosomal membrane where the NPs are entrapped. Upon excitation with light of the appropriate wavelength, the PS will produce reactive oxygen species that damage the endosomal membrane, which results in destabilization of this membrane and subsequently in release of its contents into the cytosol.^[@ref53]^ PCI has been successfully used both *in vitro* and *in vivo* for the delivery of proteins, immunotoxins, chemotherapeutics, genetic material, and nanocarriers.^[@ref54]−[@ref56]^ Importantly, phase I clinical trials have proven the safety and tolerability of the PS disulfonated tetraphenyl chlorin (TPCS~2a~) used for PCI of bleomycin for the treatment of cutaneous and subcutaneous malignancies.^[@ref57]^ Additionally, a phase I/II clinical trial involving PCI of gemcitabine for the treatment of cholangiocarcinomas is currently underway.^[@ref58]^

In the present work, the potency and selectivity of a new formulation was investigated, combined with PCI, to assess its capacity to locally deliver a cytotoxic molecule to target cells. For this purpose, PEG--PLGHMGA NPs loaded with saporin and functionalized with the 11A4 nanobody were prepared and characterized. The uptake of these NPs was investigated, and their cytotoxicity was evaluated in combination with PCI in both HER2 positive and negative breast cancer cell lines. The contribution of each one of the elements under study to the cytotoxicity of the treatment was also evaluated.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

[d]{.smallcaps},[l]{.smallcaps}-Lactide was obtained from Corbion (Gorinchem, The Netherlands). BMG, a dilactone containing a protected benzyl group, was synthesized as described previously.^[@ref59]^ Benzyl alcohol, tin(II) 2-ethylhexanoate, poly(vinyl alcohol) (PVA; *M*~w~ 30 000--70 000 Da (87--90% hydrolyzed)), and [l]{.smallcaps}-cysteine hydrochloride monohydrate were purchased from Sigma-Aldrich (Steinheim, Germany). Poly(ethylene glycol) monomethyl ether (*M*~n~ ≈ 2000 Da) and palladium on carbon (10 wt % loading) were acquired from Aldrich (Steinheim, Germany). Poly(lactic-*co*-glycolic)-cysteine ethyl ester (PLGA-SH, *M*~w~ 30 000 Da) and poly(lactide-*co*-glycolide)-*b*-poly(ethylene glycol)-maleimide (maleimide--PEG-PLGA, *M*~w~ 5000/20 000 Da) were purchased from Polyscitech, Akina Inc. (Indiana, USA). Micro BCA Protein Assay Kit and Pierce Silver Stain Kit were purchased from Thermo Scientific (Illinois, USA). Alexa-568 C5 maleimide was obtained from Thermo Fisher Scientific (Oregon, USA). Saporin from *Saponaria officinalis* seeds (as a lyophilized powder containing protein, glucose, and sodium phosphate buffer salts), Dulbecco's phosphate buffered saline (8.0 g of NaCl, 1.15 g of Na~2~HPO~4~, 0.2 g of KCl, and 0.2 g of KH~2~PO~4~ in 1 L of water, pH 7.4), McCoy's 5A medium, Dulbecco's modified Eagle's medium (DMEM)-high glucose, fetal bovine serum, antibiotic antimycotic solution (10,000 units of penicillin, 10 mg of streptomycin, and 25 μg of amphotericin B/mL), resazurin sodium salt, staurosporine from *Streptomyces* sp., and Triton X-100 were purchased from Sigma (Steinheim, Germany). The PS meso-tetraphenyl porphyrin disulfonate (TPPS~2a~)^[@ref60]^ was kindly provided by Dr. Anders Høgset (PCI Biotech, Oslo, Norway). The BrdU assay kit was acquired from Roche (Manheim, Germany). Annexin V-FITC (90 μg/mL) was purchased from Biolegend (California, USA). Propidium iodide (1.0 mg/mL) was acquired from Invitrogen (Oregon, USA).

2.2. Synthesis of Poly([d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic-*co*-hydroxymethyl glycolic acid) (PLGHMGA) and Methoxy--PEG--PLGHMGA (MePEG--PLGHMGA) {#sec2.2}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Poly([d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic-*co*-benzyloxymethyl glycolic acid) (PLGBMGA) was synthesized by copolymerization of [d]{.smallcaps},[l]{.smallcaps}-lactide and benzyloxymethyl glycolide (BMG) in the melt at a ratio of 65:35 mol/mol %. Benzyl alcohol was used as initiator at a 300:1 monomer to initiator molar ratio, and the catalyst tin(II) 2-ethylhexanoate was employed at a 2:1 molar ratio of initiator to catalyst as reported elsewhere.^[@ref61]^ The protecting benzyl groups of the polymer were removed by hydrogenation catalyzed by palladium on carbon following a previously described protocol.^[@ref59]^ The resulting polymer, PLGHMGA, was purified by precipitation in cold diethyl ether, recovered by filtration, and dried under vacuum.

MePEG--PLGHMGA was prepared as described for PLGHMGA, but poly(ethylene glycol) monomethyl ether was used as an initiator instead of benzyl alcohol.^[@ref61]^

2.3. Polymer Characterization {#sec2.3}
-----------------------------

The composition of PLGHMGA was determined by ^1^H NMR in deuterated DMSO. The molar % of lactic acid (L), glycolic acid (G), and hydroxymethyl glycolic acid (HMG) was calculated based on the peak integrals (*I*~ppm~) of the monomers,^[@ref61]^ as follows:

The % PEG in MePEG--PLGHMGA was also determined based on ^1^H NMR analysis^[@ref61]^ as follows:

The molecular weights of the polymers were determined by gel permeation chromatography (GPC) (Waters 2695 separating module and Waters 2414 refractive index detector) using two PL-gel 5 μm Mixed-D columns and tetrahydrofuran as the mobile phase (1 mL/min) at 60 °C. Polystyrene standards (EasiCal Agilent, California, USA) and PEG standards were used for calibration.

The thermal properties of the polymers were studied using differential scanning calorimetry (Discovery DSC, TA Instruments, Delaware, USA). Briefly, a sample of ∼5 mg of polymer was transferred into an aluminum pan and heated from room temperature to 120 °C at a rate of 5 °C/min and subsequently cooled down to −50 °C at the same rate. The polymer was then heated to 120 °C at a rate of 2 °C/min with temperature modulation at ±1 °C.

2.4. Synthesis of Alexa-568-PLGA {#sec2.4}
--------------------------------

Fluorescently-labeled PLGA was prepared by maleimide--thiol reaction of PLGA-SH (thiol end-cap) and Alexa-568 C5 maleimide at an equimolar ratio.^[@ref62]^ Briefly, PLGA-SH was dissolved in acetonitrile (25 mg/mL), and Alexa-568 C5 maleimide was dissolved in PBS/EDTA 4 mM (10 mg/mL, pH 7.4). The Alexa dye (0.1 mL) was added to PLGA-SH (1 mL), and the mixture was stirred in the dark at room temperature for 2 h. The polymer was recovered by precipitation in cold methanol followed by centrifugation (20 min, 20 000*g*, 4 °C). The polymer pellet was recovered and dried under reduced pressure.

2.5. Polymeric Nanoparticles (NPs) Preparation and Characterization {#sec2.5}
-------------------------------------------------------------------

The NPs were prepared using a double emulsion solvent evaporation method,^[@ref61],[@ref63],[@ref64]^ starting from a mixture of PLGHMGA, MePEG--PLGHMGA, and maleimide--PEG-PLGA in a 8:1:1 w/w ratio. For the preparation of fluorescent particles, 2% w/w of Alexa-568-PLGA was added to the polymer mixture. The polymers were dissolved in dichloromethane at 5% w/v and 200 μL of an aqueous solution of saporin (5 mg protein/mL) or 200 μL of water (for preparation of placebo NPs) were added to 1 mL of this polymer solution. The mixture was subsequently emulsified for 1 min at 20 W power using a probe sonicator (SONOPULS HD 2200 Bandelin, Berlin, Germany) in an ice bath. Next, this W/O emulsion was added dropwise to 10 mL of an aqueous solution of PVA 5% w/v and NaCl 0.9% w/v. The addition was done while sonicating the sample in an ice bath for 2 min at 20 W power. The resulting W/O/W emulsion was stirred at 600 rpm for 2 h at room temperature to evaporate the dichloromethane. Subsequently, the NPs were collected by centrifugation for 20 min, 20 000*g* at 4 °C, and washed with PBS and UltraPure distilled water (Invitrogen, Paisley, UK). After the second washing, the NPs were resuspended in 1 mL of UltraPure distilled water and divided into aliquots of equal volume (200 μL). One of the aliquots was freeze-dried at −40 °C, \<1 mbar (Christ Alpha 1--2 freeze-dryer) and used to determine the yield of the NPs and their protein content ([section [2.6](#sec2.6){ref-type="other"}](#sec2.6){ref-type="other"}). The other aliquots were supplemented with sucrose at a final concentration of 5% w/v and freeze-dried at −40 °C, \<1 mbar.

The diameter of the different NPs was determined by dynamic light scattering (Zetasizer Nano S, Malvern, Worcestershire, UK) at 25 °C in Milli-Q water (the concentration of the suspension was 100 μg NPs/mL), and their zeta potential (Zetasizer Nano Z, Malvern, Worcestershire, UK) was measured at 25 °C in HEPES 10 mM pH 7.0 (100 μg NPs/mL).

2.6. Determination of Saporin Loading of the NPs {#sec2.6}
------------------------------------------------

The saporin encapsulation efficiency of the NPs was determined by a previously described method.^[@ref65]^ In short, 5 mg of freeze-dried NPs was degraded in 3 mL of a solution of 0.05 M NaOH containing 0.5% w/v of sodium dodecyl sulfate at 37 °C for 2 h. The protein content in the resulting solution was determined by MicroBCA Assay (according to the specifications of the manufacturer). A sample of saporin was treated in the same way as the NPs and for calibration in the range of 2--40 μg/mL. The encapsulation efficiency and loading capacity were calculated as follows:

2.7. *In Vitro* Release of Saporin from the NPs {#sec2.7}
-----------------------------------------------

Freeze-dried saporin-loaded NPs were suspended at a concentration of 5 mg/mL in PBS. The NPs suspension was divided into aliquots of 300 μL, which were incubated at 37 °C under mild agitation. At different time points, an aliquot was taken and centrifuged for 10 min, 20 000*g* at 4 °C and the supernatant (containing the released saporin) was collected and stored at −20 °C until the end of the study. The supernatants were analyzed by SDS-PAGE under reducing conditions: 30 μL of the supernatants was diluted with 10 μL of sample buffer (8% w/v SDS, 40% v/v glycerol, 0.008% w/v bromophenol blue, 20% v/v 2-mercaptoethanol in buffer Tris-HCl pH 6.8), and 20 μL of the diluted sample was loaded into a Bolt 4--12% Bis-Tris Plus gel (Invitrogen, California, USA). The same procedure was followed for standards containing known amounts of saporin (2--8 ng/ μL). The protein in the gel was visualized by silver staining (performed according to the instructions of the manufacturer). The gel was imaged using a ChemiDoc MP imager (Bio-Rad, California, USA) and analyzed with ImageJ software (NIH, USA). The gel analysis function on ImageJ was used to generate plots from the intensity of the pixels in a selected area (area of the protein band). The amount of saporin in the release samples was calculated by comparing the peak areas of the plots to the peak areas from the standards.

2.8. Conjugation of 11A4 Nanobody to the NPs {#sec2.8}
--------------------------------------------

The 11A4 nanobody containing a C-terminal cysteine (theoretical *M*~w~ 14 813 Da by ExPASy ProtParam) was produced and purified, as previously described.^[@ref39],[@ref40]^ The conjugation reaction was conducted according to our previous study.^[@ref66]^ In short, an amount of freeze-dried NPs was resuspended in water and pelleted by centrifugation (10 min, 3000*g* at 4 °C). Subsequently, the NP pellet was resuspended in PBS/EDTA 0.4 mM to a concentration of ∼3.5 mg NPs/mL and mixed with the nanobody at a molar ratio of 10:1 maleimide--PEG-PLGA to nanobody. The samples were incubated for 2 h at room temperature on a nutating mixer. Subsequently, the nonconjugated nanobody was separated from the 11A4 functionalized NPs (11A4-NPs) by centrifugation and quantified by UPLC.^[@ref66]^ The conjugation efficiency was determined as

The same protocol was used to prepare control NPs in which the maleimide groups were blocked with cysteine (Cys-NPs) with two differences: the molar ratio of the reactants was 1:2 maleimide--PEG-PLGA to cysteine and the nonconjugated cysteine was quantified by MicroBCA Assay, as described by the provider.

2.9. Cell Lines and Culture Conditions {#sec2.9}
--------------------------------------

Human breast cancer cell lines SkBr3 (HER2 positive, ATCC HTB-30) and MDA-MB-231 (HER2 negative, ATCC CRM-HTB-26) were obtained from American Type Culture Collection (Virginia, USA). Mycoplasma tests were performed regularly on the cells in culture. SkBr3 cells were cultured in McCoy's 5A medium, supplemented with 10% fetal bovine serum, while MDA-MB-231 cells were maintained in Dulbecco's modified Eagle's medium (DMEM)-high glucose with 10% fetal bovine serum. The cells were incubated at 37 °C in a humidified atmosphere containing 5% CO~2~. These conditions were also used in all cell incubation steps in the experiments described below.

2.10. Cellular Uptake of NPs {#sec2.10}
----------------------------

SkBr3 or MDA-MB-231 cells were seeded at a density of 10,000 cells/well in 96-well μClear black plates (Greiner Bio-One, Frickenhausen, Germany). The cell nuclei were stained with 10 nM Hoechst 33342 in PBS for 10 min at 37 °C, and after washing off the excess of dye, fresh medium was added to the cells. The cells were incubated with placebo 11A4-NPs or with Cys-NPs, both labeled with Alexa-568 at 37 °C. The NPs concentration in the wells was 22 μg/mL. In order to study the uptake kinetics of NPs, confocal microscopy of living cells was conducted using a Yokogawa CV7000s high-content imager (Yokogawa Electric Corporation, Tokyo, Japan). Cells were kept at 37 °C, in a humidified atmosphere with 5% CO~2~ during the imaging process, and confocal images through the middle plane of the cells were taken 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h after the addition of the NPs to the cells. Images were captured in two channels: Hoechst 33342 for nuclei (λ~ex~ 405 nm, λ~em~ 445 nm) and Alexa-568 to visualize the NPs (λ~ex~ 561 nm, λ~em~ 600 nm). The image analysis was performed with the Columbus Image Data Storage and Analysis System (PerkinElmer). The reported values are the mean and SD of the data obtained from three wells containing five imaging fields each.

To investigate whether the uptake occurred via the HER2 receptor, competition experiments were conducted with an excess of 11A4 present in the medium. To this end, cells were preincubated with free 11A4 nanobody at a concentration of 12 μg/mL for 30 min, followed by the addition of the Alexa-568 labeled placebo NPs functionalized with the 11A4 nanobody, at a final concentration of 80 μg/mL. Consequently, there was a 55-fold molar excess of free 11A4 nanobody compared to the 11A4 conjugated to the NPs. After 30 min of incubation, the medium (containing free 11A4 and the 11A4-NPs) was removed, the cells were washed with PBS, and fresh medium was added. Confocal microscopy of living cells was conducted as described above and including phase contrast imaging to better delineate the cell membrane.

2.11. Photochemical Internalization (PCI) {#sec2.11}
-----------------------------------------

PCI was conducted using the PS TPPS~2a~, which was dissolved in dimethyl sulfoxide at a concentration of 1 mg/mL, aliquoted, and stored at −20 °C. The samples containing PS were handled under dim light and incubated in the dark. The PCI experiments were conducted on cells seeded at a density of 5000 cells/well on 96-well plates (100 μL of cell suspension per well), after overnight culture, as described previously:^[@ref54],[@ref67]^ TPPS~2a~ was diluted in cell culture medium supplemented with antibiotics (1200 units penicillin, 1.2 mg of streptomycin, and 3 μg of amphotericin B/mL) to a concentration of 6 μg/mL. Next, 10 μL of this solution was added per well, and the cells were incubated for 14 h. Subsequently, 10 μL of a suspension of placebo NPs or saporin-loaded NPs in cell culture medium was added per well (NPs concentrations for each experiment are given in [sections [2.13](#sec2.13){ref-type="other"}](#sec2.13){ref-type="other"} and [2.14](#sec2.14){ref-type="other"}). The cells were incubated with the PS and the NPs for 4 h (total incubation time with the PS was therefore 18 h), followed by removal of the medium and addition of fresh medium containing antibiotics (100 units of penicillin, 0.1 mg of streptomycin, and 0.25 μg of amphotericin B/mL). The cells were incubated with fresh medium for an additional 4 h (to favor removal of the PS from the cell membrane),^[@ref68]^ and subsequently, the plate was illuminated for 40 s at 420 nm using a LumiSource blue light lamp (PCI Biotech, Oslo, Norway), with an irradiance of ∼13.5 mW/cm^2^ (corresponding to a total light dose of ∼0.5 J/cm^2^). After illumination, the cells were incubated for 40 h without medium refreshment and then subjected to viability or proliferation assays ([section [2.13](#sec2.13){ref-type="other"}](#sec2.13){ref-type="other"}).

2.12. Cytotoxic Effect of PCI {#sec2.12}
-----------------------------

The cytotoxic effect of PCI, also referred to as photochemical cytotoxicity, was evaluated as follows: SkBr3 and MDA-MB-231 cells were seeded at a density of 5000 cells/well on 96-well plates. After overnight culture, 10 μL of a TPPS~2a~ solution (6 μg/mL) were added per well, followed by incubation of the cells with the PS for 18 h. Next, the medium was removed and replaced with fresh medium containing antibiotics (100 units of penicillin, 0.1 mg of streptomycin, and 0.25 μg of amphotericin B/mL, Sigma). The cells were incubated for an additional 4 h, and subsequently, the plate was illuminated for 20, 40, and 60 s at 420 nm with an irradiance of ∼13.5 mW/cm^2^, corresponding to a total light dose of ∼0.3, 0.5, and 0.8 J/cm^2^. The cells were subjected to viability and proliferation assays ([section [2.13](#sec2.13){ref-type="other"}](#sec2.13){ref-type="other"}) 40 h after illumination.

2.13. Cytotoxicity of the NPs {#sec2.13}
-----------------------------

SkBr3 or MDA-MB-231 cells were seeded at a density of 5000 cells/well on 96-well plates and incubated overnight, after which they were subjected to PCI as described in [section [2.11](#sec2.11){ref-type="other"}](#sec2.11){ref-type="other"} (briefly, 14 h incubation with TPPS~2a~ and 4 h incubation with PS and NPs, then 4 h incubation with fresh medium and subsequent illumination). Placebo or saporin-loaded NPs, functionalized with 11A4 or cysteine (11A4-NPs or Cys-NPs, [section [2.8](#sec2.8){ref-type="other"}](#sec2.8){ref-type="other"}), were used. The final NP concentration in the wells ranged from 0.3 to 180 μg/mL and was slightly adjusted between NPs batches in order to have total saporin concentrations ranging from 0.1 to 32 nM based on the saporin loading studies in [section [2.6](#sec2.6){ref-type="other"}](#sec2.6){ref-type="other"}. These concentration ranges correspond to 0.01 to 4.2 nM of saporin based on the *in vitro* release ([section [2.7](#sec2.7){ref-type="other"}](#sec2.7){ref-type="other"}) for the time frame of the study. The cell viability and cell proliferation were assessed 40 h after the cells were illuminated for PCI. Cell viability was determined using resazurin, a weakly fluorescent dye that can be reduced to a fluorescent product (resorufin) by metabolically active cells.^[@ref69]^ In short, 10 μL of a 500 mM solution of resazurin was added to each well, and after 4 h of incubation, the fluorescent signal was measured at 530 nm excitation/600 nm emission in a multimode microplate reader Mithras LB 940 (Berthold Technologies, Bad Wildbad, Germany). Cell proliferation was determined by BrdU assay (according to the instructions of the manufacturer). The EC~50~ value of the NPs was determined by analysis of the cell proliferation data (respective to a control exposed to PCI without protein and NPs) with the software GraphPad Prism 7 (GraphPad, California, USA) (nonlinear regression, log\[inhibitor\] vs normalized response--variable slope).

To investigate that the HER2 mediated uptake is essential for the cytotoxic effect, competition experiments were conducted on SkBr3 cells: after 14 h incubation with the PS, the cells were incubated with the PS and free 11A4 nanobody at a concentration of 12 μg/mL for 30 min. Subsequently, saporin-loaded NPs functionalized with the 11A4 nanobody were added to the cells at a final concentration of 80 μg/mL. The cells were incubated with the PS and the NPs for 4 h at 37 °C (total incubation time with the PS was therefore 18 h). Next, the cells were irradiated as described in [section [2.11](#sec2.11){ref-type="other"}](#sec2.11){ref-type="other"}, and cell viability and cell proliferation were evaluated.

Dose--response assays were also conducted using free saporin. In short, the same protocol described for the dose--response assays of the NPs was followed, but the cells were incubated with saporin instead of NPs. The final saporin concentration in the wells ranged from 0.002 to 200 nM (6 × 10^--5^ to 6 μg/mL).

2.14. Apoptosis Assay {#sec2.14}
---------------------

SkBr3 cells were seeded at a density of 5000 cells/well in 96-well plates, incubated overnight, and subjected to PCI as described in [section [2.11](#sec2.11){ref-type="other"}](#sec2.11){ref-type="other"}. The cells were incubated with saporin-loaded NPs functionalized with 11A4 nanobody or with cysteine (control formulation) at a final concentration of 90 μg/mL. After illumination, the cells were incubated for 40 or 120 h without medium refreshment and then subjected to the apoptosis assay according to the instructions of the manufacturer. Briefly, the medium was replaced with a solution containing PI diluted 1:1000 and Annexin V-FITC diluted 1:80 in McCoy's 5A cell culture medium supplemented with 10% fetal bovine serum. Cells exposed to 10 μM staurosporine overnight were used as a positive control for apoptosis. Alternatively, cells incubated for 15 min with 1% Triton X-100 were used as positive controls for necrosis.^[@ref70]^ Thereafter and in both cases, the medium was replaced with the Annexin V/PI solution. After incubation for 10 min at 37 °C with the Annexin V and PI, the cells were imaged with an EVOS microscope (Thermo Fischer Scientific, Bleiswijk, The Netherlands) using the bright field, GFP (for Annexin V), and Texas Red (for PI) channels. The images were analyzed with the ImageJ software (NIH, USA) (mean gray value measurements).

2.15. Statistical Analysis {#sec2.15}
--------------------------

Statistical significance was evaluated using the unequal variance *t* test for comparison of the cytotoxicity of Cys-NPs + PCI vs 11A4-NPs + PCI (at different concentrations of NPs), and for the comparison of the cytotoxicity of 11A4-NPs + PCI vs 11A4 + 11A4-NPs + PCI. A value of *p* ≤ 0.05 was considered significant. Statistical significance was depicted as \**p* ≤ 0.05 and \*\**p* ≤ 0.01.

3. Results and Discussion {#sec3}
=========================

The potent cytotoxic effect of saporin makes it a promising anticancer agent. Nevertheless, the mechanism of internalization of this protein varies among cell types and is not yet clearly understood.^[@ref8],[@ref9],[@ref71]^ In the present work, we encapsulated saporin in PEG--PLGHMGA NPs functionalized with the nanobody 11A4 to favor uptake and cell-specific toxicity in HER2 overexpressing cancer cells. As receptor-mediated uptake of NPs can lead to lysosomal degradation of their contents, PCI was employed to promote endosomal escape and to guarantee the release of saporin into the cytosol, where it can ultimately exert its cytotoxic effect.

3.1. Characterization of the Polymers PLGHMGA and MePEG--PLGHMGA {#sec3.1}
----------------------------------------------------------------

The polymers used in this study were synthesized by ring opening polymerization of [d]{.smallcaps},[l]{.smallcaps}-lactide and BMG using benzyl alcohol as initiator for PLGHMGA and poly(ethylene glycol) monomethyl ether as initiator for MePEG--PLGHMGA, and tin(II) 2-ethylhexanoate as catalyst for both polymers^[@ref61]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Synthesis of PLGHMGA. (A) Copolymerization of [d]{.smallcaps},[l]{.smallcaps}-lactide and BMG results in the formation of PLGBMGA. (B) Removal of the protecting benzyl groups yields PLGHMGA.](mp-2018-01318k_0001){#fig1}

The synthesized polymers were analyzed by ^1^H NMR, GPC, and DSC ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The polymer composition as determined by ^1^H NMR was, within the experimental error, close to the feed ratio. The molecular weight of the polymers determined by GPC only slightly decreased after deprotection indicating that no chain scission had occurred. The molecular weight of MePEG--PLGHMGA calculated by ^1^H NMR increased after deprotection, which might be ascribed to hydrolysis of the ester bond that connects the PEG and the PLGHMGA block during deprotection and/or subsequent purification. According to DSC analysis, the polymers were completely amorphous ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)) and their *T*~g~ is consistent with previous reports.^[@ref61]^

###### Characteristics of the Polymers Prepared for This Study

                                                          PLGBMGA                              PLGHMGA                              MePEG--PLGBMGA   MePEG--PLGHMGA
  ------------------------------------------------------- ------------------------------------ ------------------------------------ ---------------- ----------------
  composition ratio a/b[a](#t1fn1){ref-type="table-fn"}                                                                                               
  ^1^H NMR                                                40:60                                40:60                                41:59            45:55
  yield (%)                                               94                                   71                                   98               53
  molecular weight (kDa)                                                                                                                             
  M~n~ (GPC)                                              59                                   43                                   28               22
  M~w~ (GPC)                                              89                                   62                                   43               31
  PDI (GPC)                                               1.50                                 1.47                                 1.52             1.42
  M~n~ (^1^H NMR)                                         NA[b](#t1fn2){ref-type="table-fn"}   NA[b](#t1fn2){ref-type="table-fn"}   55               83
  M~n~ (expected)                                         53                                   43                                   55               45
  MePEG (w%)                                              NA[b](#t1fn2){ref-type="table-fn"}   NA[b](#t1fn2){ref-type="table-fn"}   3.6              2.4
  *T*~g~ (°C)                                             32                                   56                                   26               48

a/b represents the molar ratio of BMG/[d]{.smallcaps},[l]{.smallcaps}-lactide or HMG/[d]{.smallcaps},[l]{.smallcaps}-lactide. Monomer feed was 35(a):65(b). Monomer to initiator ratios were 300:1.

Not applicable.

The structure and ^1^H NMR spectra of PLGHMGA and MePEG--PLGHMGA are presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf). The absence of a peak at 7.3 ppm confirmed that the benzyl groups were successfully removed from the polymers by hydrogenolysis ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)), which resulted in pending hydroxyl groups on the polymer chain.

3.2. Preparation and Characterization of the Polymeric NPs {#sec3.2}
----------------------------------------------------------

Placebo and saporin-loaded NPs were prepared using a blend of PLGHMGA, MePEG--PLGHMGA, and maleimide--PEG-PLGA. To prepare fluorescent NPs, PLGA-Alexa-568 was also added to the aforementioned polymer mixture. HER2 targeted NPs were prepared by conjugating the nanobody 11A4 (containing a C-terminal cysteine) to the nanoparticle surface, i.e., 11A4-NPs, exploiting the maleimide--thiol reaction. In the nontargeted NPs, cysteine was used to block the maleimide groups, i.e., Cys-NPs, because free maleimide groups can interact with cellular thiols and lead to enhanced, nonspecific cellular uptake.^[@ref72],[@ref73]^ The physicochemical properties of the NPs used in this study are displayed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Size, Zeta Potential, and Conjugation Efficiency of Polymeric NPs

  formulation                                               yield (%)   code   ligand     diameter (nm)[a](#t2fn1){ref-type="table-fn"}   PDI[b](#t2fn2){ref-type="table-fn"}   Zeta potential (mV)   Conjugation efficiency (%)[c](#t2fn3){ref-type="table-fn"}   11A4 molecules per NP[d](#t2fn4){ref-type="table-fn"}
  --------------------------------------------------------- ----------- ------ ---------- ----------------------------------------------- ------------------------------------- --------------------- ------------------------------------------------------------ -------------------------------------------------------
  placebo NPs[e](#t2fn5){ref-type="table-fn"}                           1      none       369 ± 46                                        0.32                                  --7.1 ± 0.9           NA[f](#t2fn6){ref-type="table-fn"}                            
  55 ± 5                                                    2           Cys    374 ± 34   0.22                                            --8.2 ± 1.2                           58 ± 1                                                                             
                                                            3           11A4   435 ± 32   0.27                                            --11.7 ± 0.8                          55 ± 7                ∼7100                                                        
  saporin-loaded NPs[e](#t2fn5){ref-type="table-fn"}                    4      none       344 ± 12                                        0.17                                  --3.3 ± 0.6           NA[f](#t2fn6){ref-type="table-fn"}                            
  55 ± 2                                                    5           Cys    375 ± 11   0.12                                            --3.6 ± 0.6                           61 ± 4                                                                             
                                                            6           11A4   414 ± 26   0.16                                            --4.0 ± 0.8                           31 ± 4                ∼3400                                                        
  fluorescent placebo NPs[g](#t2fn7){ref-type="table-fn"}               7      none       ND[h](#t2fn8){ref-type="table-fn"}              ND[h](#t2fn8){ref-type="table-fn"}    --8.5                 NA[f](#t2fn6){ref-type="table-fn"}                            
  49                                                        8           Cys    405        0.23                                            --7.4                                 58                                                                                 
                                                            9           11A4   445        0.31                                            --12.8                                46                    ∼6300                                                        

Diameter of freeze-dried NPs after resuspension in PBS/EDTA 0.4 mM and conjugation with different ligands.

SD ≤ 0.1.

Conjugation efficiency % = (1 -- (\[ligand in the supernatant\]/\[ligand added in the conjugation reaction\])) × 100.

Calculated as reported in ref ([@ref66]).

*n* = 3.

Not applicable.

*n* = 1.

Not determined.

For all formulations tested (NPs, Cys-NPs, and 11A4-NPs) the surface charge of saporin-loaded NPs (formulations 4--6) was closer to neutrality than the charge of placebo NPs (formulations 1--3 and 7--9). Since saporin has an isoelectric point of ∼9.4 (ExPASy ProtParam tool), the protein will carry a net positive charge at neutral pH. The less negative zeta potential of the saporin-loaded NPs can therefore be explained by the presence of surface-associated saporin.^[@ref74],[@ref75]^ Since saporin lacks free thiol groups in its sequence (UniProtKB) its association to the NPs is not a result of conjugation to maleimide.

The Cys-NPs (formulations 2 and 5) had similar size and surface charge to the placebo NPs without surface decoration (formulations 1 and 4). However, 11A4-NPs (formulations 3 and 6) were larger and displayed a more negative surface charge than the nondecorated NPs. Based on the isoelectric point of the nanobody 11A4 (∼7.9 according to ExPASy ProtParam tool), a slightly positive charge of 11A4-NPs would be expected at the pH conditions used for their preparation and analysis (pH 7.4). Nevertheless, the isoelectric point refers to the charge of the protein determined by its primary structure, while the folded protein can carry a different charge, depending on the amino acids located on its surface. In the case of 11A4-NPs, the zeta potential suggests that negative amino acid residues are exposed to the medium. In a previous study conducted by our research group, PLGA NPs conjugated to 11A4 also showed a more negative zeta potential than nonconjugated NPs.^[@ref66]^

In addition to the physicochemical characteristics of the NPs, the efficiency of the conjugation reaction was also determined. Cysteine was conjugated to the NPs with an efficiency of ∼60%. In a previous study, our group reported a similar conjugation efficiency for another small molecule, i.e., cRGDfK, to polymeric NPs via maleimide--thiol chemistry.^[@ref66]^ Theoretically, a 100% conjugation efficiency could have been achieved because a molar excess of cysteine to maleimide (2:1) was used. However, due to the miscibility of PEG and PLGA, it is likely that not all maleimide groups are exposed on the surface of the NPs and available for reaction.^[@ref76],[@ref77]^

The conjugation efficiency of cysteine was similar for placebo and saporin-loaded NPs (formulations 2 and 5). In contrast, the conjugation efficiency of 11A4 was higher for placebo NPs (formulation 3) than for saporin-loaded NPs (formulation 6). As previously mentioned, some saporin molecules can be associated with the surface of the NPs resulting in partial obstruction of nearby maleimide groups and limiting the extent of functionalization of the surface with the nanobody. This steric hindrance may have been less relevant for conjugation to cysteine due to the smaller size of this ligand.

The encapsulation efficiency of saporin in the NPs was 26 ± 2% (*n* = 2), which corresponded to 0.52 ± 0.03 loading weight % (or 5.2 ± 0.3 μg of saporin/mg NPs). After resuspension in PBS, the NPs showed a very small burst release (\<5% of the total saporin content), followed by a sustained release of the protein. An estimation from SDS-PAGE analysis indicates that around 13% of the saporin loading was released from the NPs during 2 days of incubation in PBS ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)). Similar sustained release patterns (10--40% release of protein after 5 days of incubation) have been reported in the literature for protein-loaded PLGA^[@ref78],[@ref79]^ and PLGHMGA NPs.^[@ref61]^

3.3. Cellular Uptake of Targeted and Nontargeted NPs {#sec3.3}
----------------------------------------------------

The kinetics of cellular uptake of Cys-NPs and 11A4-NPs were studied by live confocal microscopy from 15 min to 8 h in SkBr3 (HER2 positive) and MDA-MB-231 (HER2 negative) cells. The binding and uptake of Cys-NPs was poor at all the time points evaluated, as shown by the low fluorescent signal in the cytoplasm of the cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,C). In contrast, the uptake of 11A4-NPs by SkBr3 cells was already detected at early time points of the study (≤30 min), and it increased over time ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,C). Throughout the study, the number of fluorescent spots per area of cytoplasm was between 8 and 18 times higher in the cells exposed to 11A4-NPs compared to those incubated with Cys-NPs ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)), which indicates an enhanced internalization of 11A4-NPs, likely mediated by the interaction between the nanobody 11A4 and the HER2 receptor. This observation is further supported by the almost negligible uptake of both, 11A4-NPs and Cys-NPs, by the HER2 negative MDA-MB-231 cell line ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)).

![Cellular uptake of fluorescently labeled, targeted, and nontargeted placebo NPs. Confocal images of SkBr3 cells incubated with (A) Cys-NPs (22 μg/mL) and (B) 11A4-NPs (22 μg/mL) at different time points (nuclei are stained in blue, NPs are observed in orange, and the phase contrast image is in gray). The NPs remained in contact with the cells throughout the whole assay (no washing steps). (C) Mean fluorescence intensity in cytoplasm of SkBr3 and MDA-MB-231 cells after incubation with Cys-NPs and 11A4-NPs, data represent mean ± SD (*n* = 15 imaging fields). Confocal images of SkBr3 cells (D) preincubated for 30 min with free 11A4 (12 μg/mL) followed by incubation for 30 min with 11A4-NPs (80 μg/mL) and (E) incubated for 30 min with 11A4-NPs alone (80 μg/mL). Nuclei are stained in blue, NPs are observed in orange, and the overlay of phase contrast image shows the cell borders. (F) Mean fluorescence intensity in cytoplasm of SkBr3 cells exposed to the competition conditions; data represent mean ± SD (*n* = 15 imaging fields).](mp-2018-01318k_0002){#fig2}

To confirm that the specific uptake of 11A4-NPs was mediated by the interaction of the 11A4 nanobody with the HER2 receptor, competition studies were carried out by preincubating the cells with free 11A4 prior to exposure to 11A4-NPs. Microscopic observations showed that, in the presence of free nanobody, the internalization of 11A4-NPs was considerably inhibited ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), as compared to cells incubated with 11A4-NPs in the absence of free nanobody ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). Image analysis confirmed that the fluorescent signal of 11A4-NPs inside the cells was remarkably lower in the samples subjected to competition ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F), thus corroborating the results from the visual observations.

Altogether, the results from the confocal microscopy studies demonstrate that the endocytosis of 11A4-NPs is mediated by the specific interaction between the nanobody 11A4 and the HER2 receptor. Since the focus of the present work is to target HER2 for the treatment of breast cancer, the selective accumulation of the 11A4-NPs was evaluated in HER2 positive cancer cells (SkBr3), using HER2 negative cancer cells (MDA-MB-231) as a negative control. Alternatively, normal cells could also be used as a control since they express 100-fold less HER2 than HER2 positive cancer cells.^[@ref80]^ In that case, it would be expected that the 11A4-NPs would interact similarly with normal cells as with the HER2 negative breast cancer cells (i.e., poor internalization). In addition to our results, other studies from our research group have confirmed that the uptake of nanobody-targeted nanocarriers is truly mediated by specific ligand--receptor interactions. In that regard, the use of a nontumor specific nanobody as ligand resulted in neither binding nor uptake of different types of nanocarriers.^[@ref43],[@ref47]^

In general, the cargo internalized by receptor-mediated endocytosis is initially localized in early endosomes and then sorted to one of several pathways, including the recycling and degradative pathways.^[@ref81]−[@ref83]^ The uptake images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, at 8 h) suggest that the 11A4-NPs are entrapped in intracellular vesicles, likely late endosomes and/or lysosomes, as proposed by the highly punctuated fluorescence pattern observed in the cytoplasm of SkBr3 cells.^[@ref84],[@ref85]^ To prevent that the 11A4-NPs and/or their released cargo (saporin) are degraded in the lysosomes, an external stimulus was applied to induce endosomal escape and to maximize the cytotoxicity of the formulation: i.e., photochemical internalization or PCI.

3.4. Optimization of Photochemical Internalization (PCI) {#sec3.4}
--------------------------------------------------------

The outcome of PCI is influenced by the concentration of PS and the illumination time.^[@ref54],[@ref86]^ In general, high concentrations of PS and long illumination times can induce cell death, here described as photochemical cytotoxicity. In the present work, a concentration of 0.5 μg/mL of PS was chosen based on previous studies conducted in our research group.^[@ref54],[@ref67]^ Since the aim was to specifically evaluate the PCI-mediated cytotoxicity of saporin-loaded NPs, it was important to distinguish between the effects of PCI (PS + light + NPs) and the photochemical cytotoxicity (PS + light). The illumination time was optimized in a way that PCI was achieved without significantly compromising the viability of cells. To this end, the cytotoxicity of the PS TPPS~2a~ combined with different illumination times was first evaluated on SkBr3 and MDA-MB-231 cells without NPs. For both cell lines, a decrease in cell viability was observed with increasing illumination time up to 60 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). In that time frame, the cell viability decreased by 40% for both SkBr3 and MDA-MB-231, while cellular proliferation decreased by 40% for SkBr3 and by 20% for the MDA-MB-231 cells.

![Cytotoxicity of TPPS~2a~ (0.5 μg/mL) combined with different illumination times. (A) Cell viability and (B) cell proliferation of SkBr3 and MDA-MB-231 cells exposed to PS and illumination, without NPs, relative to the nontreated control (no PS, no light). Data represent mean ± SD (*n* = 6). (C) Cell viability and (D) cell proliferation of SkBr3 cells in the absence and presence of placebo 11A4-NPs and saporin-loaded 11A4-NPs relative to the nontreated control (no PS, no light, no NPs). Final NPs concentration in the wells was 90 μg/mL. Data represent mean ± SD (*n* = 6 for tests in the absence of NPs, *n* = 3 tests in the presence of NPs). Illumination for 20, 40, and 60 s corresponds to light doses of ∼0.3, 0.5, and 0.8 J/cm^2^.](mp-2018-01318k_0003){#fig3}

Subsequently, the influence of the different illumination times was studied in combination with the saporin-loaded NPs. At all the illumination times tested, higher cytotoxicity was observed on SkBr3 cells that were incubated with saporin-loaded 11A4-NPs, compared to cells incubated with placebo 11A4-NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D), implying that PCI successfully mediates the endosomal escape of the NPs leading to saporin release in the cytosol. Since 40 s of illumination provided the best compromise between relatively low photochemical cytotoxicity (caused by PS + light) and high cytotoxicity caused by the presence of the saporin-loaded NPs, this setting was chosen for further in depth studies.

3.5. Cytotoxicity of Saporin-loaded Targeted and Untargeted NPs in Combination with PCI {#sec3.5}
---------------------------------------------------------------------------------------

The cytotoxic effect of saporin-loaded Cys-NPs and 11A4-NPs was evaluated in SkBr3 and MDA-MB-231 cells with or without PCI. In parallel, placebo NPs were also investigated, as well as the effect of free saporin. As a control, cells incubated only with PS and with light exposure (no NPs) were compared to nontreated cells (no PS, no light, no NPs).

Placebo Cys-NPs and placebo 11A4-NPs used without PCI neither affected cell viability nor proliferation of SkBr3 ([Figure S7A,B](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)) as well as of MDA-MB-231 ([Figure S7C,D](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)) cells. Even though a decrease in cell viability and proliferation was observed for both cell lines treated with NPs and PCI, this effect was not dependent on the dose of NPs and can be explained as toxicity induced by the PS applied in combination with light, i.e., photochemical cytotoxicity: compared to a nontreated control, cell viability was 66 ± 3% for SkBr3 and 75 ± 3% for MDA-MB-231, and cell proliferation was 66 ± 3% for SkBr3 and 88 ± 5% for MDA-MB-231. Saporin-loaded Cys- and 11A4-NPs without PCI did not affect the cell viability or proliferation of MDA-MB-231 cells, while incubation of NPs combined with PCI slightly decreased these parameters ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B), which corresponds to the photochemical cytotoxicity: compared to nontreated cells, cell viability was 77 ± 9% and cell proliferation was 91 ± 10%. In addition, the lack of toxicity of both Cys-NPs and 11A4-NPs in MDA-MB-231 cells is in line with the low uptake of these formulations ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). Similarly to the results in MDA-MB-231, saporin-loaded Cys- or 11A4-NPs without PCI were not cytotoxic to SkBr3 cells. Incubation of SkBr3 cells with Cys-NPs and PCI slightly and stably decreased cell viability and proliferation, which is in the range of photochemical cytotoxicity reported above: compared to a nontreated control, cell viability was 69 ± 5% and cell proliferation was 67 ± 10%. In contrast, only the incubation of SkBr3 cells with saporin-loaded 11A4-NPs and PCI resulted in a dose-dependent decrease in cell viability and cell proliferation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D), confirming that the NPs and their content were initially entrapped in the endosome and were subsequently released into the cytosol upon PCI.

![Cytotoxicity of saporin-loaded NPs with or without PCI. The concentration of saporin reported in the graphs is 13% of the dose loaded in the NPs. Cytotoxicity of saporin-loaded NPs on (A,B) MDA-MB-231 and (C,D) SkBr3 cells. Cell viability and cell proliferation were calculated respective to the nontreated control (no PCI, no NPs). (E) Cell viability and (F) cell proliferation of SkBr3 cells incubated with free saporin and saporin-loaded NPs calculated respective to a control exposed to PCI in absence of protein and NPs. This control had 73 ± 5% cell viability and 73 ± 8% cell proliferation relative to a nontreated sample (no PCI, no free protein, no NPs). Data represent mean ± SD (*n* = 3). Data Cys-NPs + PCI vs 11A4-NPs + PCI analyzed by unequal variances *t* test; \**p*-value \< 0.05 and \*\**p*-value \< 0.001.](mp-2018-01318k_0004){#fig4}

At the highest concentrations tested, the saporin-loaded 11A4-NPs combined with PCI reduced the cell proliferation of SkBr3 cells by ∼95% and the cell viability by ∼60%. The residual metabolic activity of the cells detected in the viability studies could be explained by the ability of saporin to induce apoptosis which, being energy-dependent, requires the cells to remain active in order to provide energy until late stages of the process.^[@ref87]^ Taken together, the results of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D demonstrate that, when loaded in NPs, effective saporin delivery is fully dependent on HER2 targeting and PCI, which is favorable for enhancing the selectivity of the therapy. Other studies have shown that PCI enhances the efficacy of untargeted nanocarriers, loaded with or conjugated to cytotoxic agents,^[@ref88]−[@ref91]^ although in these cases the selectivity of these nanocarriers toward specific cells was not evaluated.

The dose-dependent cytotoxicity of free saporin (i.e., not encapsulated in the NPs) was compared to the cytotoxicity induced by saporin-loaded NPs on SkBr3 cells when used in combination with PCI ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E,F). In this particular study, the dose of free saporin added to the cells is compared to the concentration of saporin expected to be released from the NPs after 2 days of incubation with the cells based on the release studies conducted in PBS (13% release, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)). Nevertheless, it is possible that more saporin was released from the NPs in cell culture medium/intracellularly, compared to PBS, as shown for other compounds.^[@ref92]^ Based on the cell proliferation assays ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F), the EC~50~ of saporin when delivered by 11A4-NPs and PCI, estimated at 0.3 nM (*n* = 6, 95% CI = 0.25--0.34) was substantially lower (15-fold difference) than the EC~50~ for free saporin administered in combination with PCI, i.e., 4.5 nM (*n* = 6, 95% CI = 3.5--5.7). In addition, the dose--response profiles of saporin-loaded Cys- and 11A4-NPs differ significantly, indicating that the cytotoxicity from saporin-loaded 11A4-NPs is most likely caused by the intracellular release of saporin after the internalization of these HER2 targeted NPs, and not by PCI of free saporin.

Interestingly, saporin in its free form was not toxic to the cells here investigated when administered without PCI ([Figure S8A--D](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)). In contrast, combination of free saporin with PCI exhibited cytotoxic effect on both cell lines, although the effect was lower in MDA-MB-231 (EC~50~ = 67 nM, *n* = 6, 95% CI = 43--111) than in SkBr3 (EC~50~ = 4.5 nM, *n* = 6, 95% CI = 3.5--5.7). Cell line-dependent differences of the effects of saporin have also been reported in other studies.^[@ref9],[@ref93]^ Remarkably, saporin-induced cytotoxicity has also been reported even when it is administered without PCI or any other endosomal escape technique.^[@ref4],[@ref71],[@ref94]^ Therefore, administration of free saporin *in vivo* could result in substantial toxicity in nontargeted cells and tissues. This problem can be overcome by encapsulating saporin in receptor-targeted nanoparticles, which combined with PCI, can lead to selective and local delivery to the cytosol of the targeted cells, as proposed by the *in vitro* data presented in this work. While the *in vivo* evaluation of the efficacy of saporin-loaded 11A4-NPs combined with PCI is beyond the scope of the present Article, some considerations for the *in vivo* translation of this treatment include (1) reducing the size of the NPs for more efficient extravasation and passive accumulation in the tumor site (favorable for nanocarriers with sizes \<200 nm^[@ref95],[@ref96]^) and (2) using photosensitizers such as TPCS~2a~,^[@ref97]^ which are activated at wavelengths that are optimal for tissue penetration, i.e., 600--800 nm. Furthermore, the treatment proposed in this Article should be envisioned for use in combination with other cancer therapies in order to efficiently treat heterogeneous tumors in which only some cells express the HER2 receptor, and to decrease the chances for development of cancer drug resistance.

To further investigate the selectivity of the cytotoxicity of the 11A4-NPs, competition assays were performed. When the cells were preincubated with free 11A4, subsequent incubation with 11A4-NPs and PCI application did not substantially decrease cell proliferation or cell viability, in contrast with cells that were not preincubated with the free nanobody ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). These results are in agreement with confocal microscopy observations, where preincubation with free 11A4 inhibited the cellular uptake of 11A4-NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D,F).

![Cytotoxicity of saporin-loaded 11A4-NPs with PCI on SkBr3 cells with and without preincubation with free 11A4. (A) Cell viability and (B) cell proliferation were assessed in cells incubated with 11A4-NPs and subjected to PCI treatment or in cells preincubated with an excess of free 11A4 followed by the addition of 11A4-NPs and PCI treatment. Data represent mean ± SD (*n* = 3). Data 11A4-NPs + PCI vs 11A4 + 11A4-NPs + PCI analyzed by unequal variances *t* test; \**p*-value \< 0.05.](mp-2018-01318k_0005){#fig5}

Similar to our findings, a previous study on the effect of saporin-loaded EGFR-targeted liposomes on OVCAR-3 cells also highlighted the advantages of combining the use of targeted nanocarriers with PCI.^[@ref54]^ While high uptake and cytotoxicity were observed for the EGFR-targeted liposomes, the nontargeted liposomes were also internalized and cytotoxic, though to a lesser extent. In contrast, the nontargeted NPs used in our work did not show any uptake or cytotoxicity, indicating that our system has improved selectivity over the aforementioned liposomes. Targeting, as achieved by the 11A4-NPs, can induce clustering of HER2 and promote its internalization,^[@ref98]−[@ref100]^ resulting in efficient receptor-mediated endocytosis of the NPs and subsequent intracellular delivery of its cytotoxic cargo (saporin).

Other types of nanocarriers, such as nanogels and lipopepsomes, have also been successfully used for the targeted intracellular delivery of saporin in cancer cells. These nanocarriers were not used in combination with PCI, instead they achieved endosomal escape by membrane destabilization^[@ref16]^ or by membrane fusion driven by coiled-coil motifs.^[@ref19]^ Although direct comparison between these studies is difficult due to the different nature of the nanocarriers and targeted cell lines, these studies suggest other approaches are also effective in ensuring endosomal escape of saporin.

3.6. Cell Death Mechanism Induced by Saporin-loaded 11A4-NPs and PCI {#sec3.6}
--------------------------------------------------------------------

Microscopic observations of cells treated with saporin-loaded 11A4-NPs and PCI, 40 and 120 h after illumination, revealed significant morphological alterations suggesting apoptosis ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). In contrast, only a few cells with morphological alterations were observed in the cells subjected to PCI only or to Cys-NPs and PCI. A striking difference in the cell number was also observed, particularly at the 120 h time point: while there are only a few cells left after treatment with 11A4-NPs and PCI, a large number of cells are present in the samples exposed to PCI only (i.e., photochemical cytotoxicity). These observations are in agreement with the results from the cytotoxicity assays ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which indicated that the decrease in cell viability caused by saporin-loaded 11A4-NPs combined with PCI is accompanied by a strong antiproliferative effect.

![Microscopic observations of SkBr3 cells at 40 and 120 h after treatment with saporin-loaded NPs and/or PCI. Representative images obtained by phase contrast and by overlay of the channels depicting the signals for Annexin V-FITC (apoptotic cells, in green) and PI (dead cells, in red). Scale bar = 100 μm.](mp-2018-01318k_0006){#fig6}

The visual analysis of cells exposed to PCI (with or without incubation with NPs) and stained with Annexin V/PI revealed a fluorescent pattern indicative of apoptosis both in its early and late stages, though the intensity of the fluorescent signal (and extent of apoptosis) differed between samples ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}; noncropped images, [Figure S9A](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)). In contrast, a very low fluorescent signal was observed for cells not exposed to PCI (even when incubated with NPs). The highest Annexin V signal was observed for the cells incubated with saporin-loaded 11A4-NPs combined with PCI 40 h after illumination ([Figure S9B](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf)). While in this sample the signal is more intense for Annexin V than for PI at the 40 h time point, both signals have similar intensities at the 120 h time point ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), indicating an increase in the number of cells undergoing late apoptosis/secondary necrosis at that time. This implies an efficient but relatively slow onset and progression of apoptosis. While apoptosis is often depicted as an event that lasts between 12 and 24 h,^[@ref101]^ longer times could be required for cell death due to the asynchronous nature of the process and to its susceptibility to factors such as cell type and the nature and intensity of the apoptotic stimulus.

4. Conclusion {#sec4}
=============

The findings presented in this Article show that saporin-loaded PEG--PLGHMGA NPs decorated with the 11A4 nanobody in combination with PCI can be used to selectively induce cell death of HER2 positive breast cancer cells. The selectivity of this system is a consequence of the specific interactions between the 11A4 nanobodies on the NPs and the HER2 receptors on the cell surface, which result in receptor-mediated endocytosis of the NPs. Precise light exposure during the subsequent PCI allows for the time- and space-controlled release of the NPs and/or their cargo from the endosome, thereby exposing the cells to the cytotoxic effects of saporin. The tailorability of PEG--PLGHMGA NPs is an added advantage to the system under study, for instance, the NPs could be loaded with proteins other than saporin. In conclusion, the tailorability, selectivity, and efficiency of the 11A4-NPs used in combination with PCI makes them a promising modality for cancer treatment.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.molpharmaceut.8b01318](http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.8b01318).DSC thermograms of PLGHMGA and MePEG~2000~--PLGHMGA, ^1^H NMR spectra of PLGHMGA and MePEG--PLGHMGA, superimposed ^1^H NMR spectra of PLGBMGA and PLGHMGA, SDS-PAGE gel of the saporin *in vitro* release study, additional information on uptake of targeted and nontargeted NPs by SkBr3 cells, cytotoxicity of placebo NPs with or without PCI, cytotoxicity of free saporin with or without PCI, and noncropped images of microscopic observations of SkBr3 cells stained with Annexin V--FITC/PI ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01318/suppl_file/mp8b01318_si_001.pdf))
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